As the leading nanodevice candidate, single-walled carbon nanotubes (SWNTs) have potential therapeutic applications in gene therapy and novel drug delivery. We found that SWNTs can inhibit DNA duplex association and selectively induce human telomeric i-motif DNA formation by binding to the 5-end major groove under physiological conditions or even at pH 8.0. SWNT binding to telomeric DNA was studied by UV melting, NMR, S1 nuclease cleavage, CD, and competitive FRET methods. These results suggest that SWNTs might have the intriguing potential to modulate human telomeric DNA structures in vivo, like biologically relevant B-A and B-Z DNA transitions, which is of great interest for drug design and cancer therapy.
S
ince the discovery of the DNA i-motif, the formation and biological function of this unique structure have attracted much attention, and significant progress in characterizing the i-motif has been made in recent years (1, 2) . The biological importance of the intramolecular i-motif is evidenced by its involvement in human telomeric and centromeric DNA structures and RNA intercalated structures, and by the discovery of several proteins that bind specifically to C-rich telomeric DNA fragments capable of forming i-motifs (2) . Along with human telomeric G-quadruplex DNA, the i-motif has been an attractive drug target for cancer chemotherapy and for modulation of gene transcription (2) (3) (4) (5) (6) (7) (8) (9) . Human telomeres consist of tandem repeats of the double-stranded DNA sequence (5Ј-TTAGGG):(5Ј-CCCTAA) (3) (4) (5) (6) (7) (8) (9) . The G-rich strand can form a four-stranded G-quadruplex consisting of G-quartets, whereas its complementary C-rich strand may adopt i-motif structures with intercalated C⅐C ϩ base pairs ( Fig. 1 ). Significantly, G-quadruplex formation was shown to inhibit the activity of telomerase, an enzyme that stabilizes chromosome ends by adding tandem telomeric DNA repeats to the 3Ј single-stranded overhangs (4, 5, 10) . In contrast to the majority of normal human somatic cells, most tumor cells express telomerase, and telomerase expression is essential for their indefinite proliferative capacities. Therefore, the therapeutic targeting of telomerase activity has been considered a promising approach to cancer therapy (4, 5, 10) . Several small molecules have been shown to efficiently inhibit telomerase activity through the stabilization of G-quadruplex DNA (4, 5) . Only two molecules that can stabilize both G-quadruplex and i-motif DNA have been identified (11, 12) . To our knowledge, a ligand that can selectively stabilize i-motif DNA but not G-quadruplex DNA has not been reported.
As the leading nanodevice candidate, single-walled carbon nanotubes (SWNTs) have potential applications ranging from gene therapy to novel drug delivery to membrane separation (13) (14) (15) (16) (17) . B-Z DNA transition has been achieved on the surfaces of SWNTs (18) . Recently we reported that SWNTs bind to the DNA major groove and can induce a sequence-dependent B-A DNA transition (19) . In the present study we show that SWNTs can selectively stabilize human telomeric i-motif DNA, induce i-motif DNA formation by binding to the 5Ј-end major groove under physiological conditions or even at pH 8.0, and compete with DNA duplex association. These properties of SWNTs were investigated by UV melting, NMR, S1 nuclease cleavage, CD, and competitive FRET methods.
Results and Discussion
To increase the solubility of SWNTs in aqueous solution, we treated SWNTs ( ϭ 1.1 nm) by a routine method and functionalized the open ends of SWNTs with a carboxyl group (19) . Fig. 2 A and B shows the UV melting profiles of G-quadruplex and i-motif DNA in the absence or presence of carboxylmodified SWNTs at different binding ratios. A striking difference between G-quadruplex and i-motif DNA was observed. For G-quadruplex DNA at pH 7.0, the melting temperature at which half of the DNA base pairs disassociate (T m ) was 61°C ( Fig. 2B ) and did not change in the presence of SWNTs. For i-motif DNA at pH 5.5, the T m was 38°C (Fig. 2 A) . However, the i-motif T m gradually increased with increasing SWNT concentration, and the T m was salt-dependent (2) [supporting information (SI) Fig.  7 ]. At 10 g⅐ml Ϫ1 SWNTs and 100 mM NaCl (pH 5.5), the i-motif T m was 60°C (⌬T m ϭ 22°C). The increase in T m was independent of DNA concentration at the same ratio of DNA:SWNTs, indicating a monomolecular dissociation process. These results are consistent with the formation of a stable intramolecular i-motif structure (8) and with the selective stabilization of i-motif DNA by SWNTs. DNA CD spectra (SI Fig. 7 ) demonstrated that SWNT binding did not disturb higher-order DNA structures because the CD intensity of i-motif DNA decreased only slightly, and hardly any change was observed for G-quadruplex DNA in the presence of SWNTs. SI Table 1 summarizes the thermodynamic parameters calculated from melting profiles (8, 20) . i-motif stabilization in the presence of SWNTs is driven by a net favorable ⌬⌬G 20°C ϭ Ϫ9.4 Ϯ 0.1 kJ⅐mol Ϫ1 , with a large favorable enthalpy (⌬H 20°C ϭ Ϫ180.9 Ϯ 1.9 kJ⅐mol Ϫ1 ) compensating for the unfavorable entropy (⌬S 20°C ϭ Ϫ544.9 Ϯ 5.6 J⅐mol Ϫ1 ⅐K Ϫ1 ). The stock solution of SWNTs was prepared in pH 7.0 solution (see Materials and Methods). To exclude the pH effect on DNA solution with addition of SWNTs, we measured the solution pH before the experiments and found no change in pH. Even at pH 4.2 buffer solution in which half of the cytosine is normally protonated, SWNTs can still increase i-motif DNA T m by Ϸ4°C. In sodium acetate buffer (10 mM sodium acetate/200 mM NaCl, pH 5.5) SWNTs can also increase i-motif DNA T m by 10°C. In
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addition, under the same conditions used for the human telomeric i-motif DNA, we also investigated other C-rich DNA sequences that can form tetraplexes, such as d(CCCCAAAAC-CCC) (21) and d(ACCCCA) (2), and we found that SWNTs can increase their T m by 8°C and 4°C, respectively, not as significantly as the human telomeric i-motif DNA. Fig. 2C shows that the observed DNA structure was pHdependent, consistent with the fact that human telomeric i-motif structure involves systematic intercalated CC ϩ base pairs that are dependent on solution pH (8) . At pH 5.5 two i-motifcharacteristic CD bands appeared, a positive band near 288 nm and a negative band near 256 nm (Fig. 2C) . The red shifts of CD bands with pH change from pH 8.0 to 5.5 have been attributed to the pH-dependent formation of i-motif structure (8) . When the C-rich human telomeric DNA was titrated with SWNTs in buffer solution at pH 7.0 or even at pH 8.0, we found that SWNTs could induce i-motif formation. Typical CD spectra at pH 8.0 (Fig. 2D) indicate that SWNTs could not only stabilize i-motif structure but also induce its formation at pH 8.0. The structural transition was cooperative (22) (23) (24) (25) , with a midpoint at 5 g⅐ml
Ϫ1
SWNTs at pH 8.0 (Fig. 2E) . UV melting studies showed that the C-rich DNA alone at pH 8.0 did not have a clear transition. However, in the presence of SWNTs at 10 g⅐ml Ϫ1 , there was an unambiguous transition at 38°C (Fig. 2F) , the same T m observed for DNA alone at pH 5.5 (Fig. 2B ). This result is consistent with the similar free energy change for i-motif formation of DNA alone at pH 5.5 and of DNA in the presence of SWNTs at pH 8.0 (⌬G DNApH5.5 ϭ Ϫ11.8 Ϯ 0.2, ⌬G SWNTpH8.0 ϭ Ϫ11.3 Ϯ 0.1 kJ⅐mol Ϫ1 ) (SI Table 1) .
Similarly, 1 H NMR spectra provided evidence that SWNTs could induce i-motif formation. Chemical shifts at 15-16 ppm for i-motif imino protons in C⅐C ϩ have been considered a hallmark of i-motif DNA (26) . DNA samples were analyzed at different pH conditions in the absence or presence of SWNTs. Fig. 3A shows that in the absence of SWNTs the i-motif structure was formed at pH 5.0 but disappeared at pH 8.0, consistent with previous NMR studies (26) . Interestingly, in the presence of SWNTs the i-motif structure was detectable at pH 8.0, confirming that SWNTs bind to DNA and induce i-motif formation.
Human telomeric G-rich and C-rich strands are complementary. A duplex competitive gel mobility shift assay showed that SWNTs could disrupt G-rich/C-rich double-strand association to induce i-motif formation. In the presence of SWNTs, new bands with mobilities even faster than that of i-motif DNA alone (8, 9) were observed ( Fig. 3B) , indicating formation of a more compact structure. Furthermore, competitive DNA duplex CD melting experiments ( Fig. 4A) showed that there were two obvious transitions in the presence of SWNTs at pH 7.0: one at 38°C for i-motif melting and the other at 65°C for duplex melting. At pH 5.5 SWNTs increased the i-motif T m by 15°C and even inhibited duplex formation because no duplex melting was observed (Fig.  4A) . Instead, we observed both i-motif and G-quadruplex meltings that had sigmoid-shaped profiles with positive slopes.
Competitive duplex binding was further studied by FRET (12) . The C-rich strand was labeled (12) with fluorescein and a rhodamine derivative, 3Ј-tetramethylrhodamine (TAMRA), at its 5Ј and 3Ј ends, respectively (see SI). In this system, fluorescein emission is increased upon duplex formation because of increased distance between the two dye molecules (12) in comparison with the folded i-motif structure. Therefore, it is possible to monitor duplex formation by recording the fluorescein emission at 520 nm (12) . At pH 7.0 the duplex association constant was determined by fluorescence titration of i-motif DNA with the G-rich strand (SI Fig. 8 ). Nonlinear least-squares analysis of the titration data yielded an association constant of 2.7 Ϯ 0.2 ϫ 10 6 M Ϫ1 . However, when 42 nM i-motif DNA was titrated with the G-rich strand in the presence of SWNTs at 10 g⅐ml Ϫ1 , fluorescence emission at 520 nm did not increase, showing that SWNTs blocked duplex association (19) and that the estimated binding affinity of SWNTs to i-motif DNA is likely Ͼ10 6 M Ϫ1 . The i-motif has two very wide grooves and two very narrow grooves with interstrand phosphorus-phosphorus distances as close as 5.9 Å (27). The helix twists in a right-handed manner, and the distance between nearest base pairs is only 3.1 Å. In contrast with the G-rich quadruplex, little is known about the interaction of small ligands with this structure (2, 11, 12) . Only two molecules, a porphyrin derivative and an acridine dimer, have been reported to stabilize both G-quadruplex and i-motif DNA via a nonintercalative mechanism (11, 12) . Our results show that SWNTs have the intriguing potential for modulating human telomeric DNA structures in vivo, like biologically relevant B-A and B-Z DNA transitions (18, 19, (22) (23) (24) , which is of great importance in drug design and cancer therapy.
As for the SWNT binding site, it seems unlikely that the rigid SWNTs ( ϭ 1.1 nm) bind to i-motif DNA in the very narrow grooves or by intercalation between base pairs (11, 12) . Alternatively, SWNTs may bind to the wide grooves without disturbing higher-order DNA structure (SI Fig. 7 ). This binding could be stabilized by various favorable interactions, including hydrophobic and van der Waals interactions and electrostatic interactions between carboxyl-modified SWNTs and CC ϩ base pairs, TAA loops, and the DNA backbone, as observed in our previous studies on SWNT duplex binding (19) . This binding mechanism is supported by our CD results, S1 nuclease cleavage patterns (28) , and fluorescence changes of 2-aminopurine (2-Ap)-labeled loops (29) of i-motif DNA in the presence of SWNTs (labeled sequences shown in Materials and Methods).
The i-motif used in our studies has three TAA loops ( Fig. 1) : one in the narrow groove and the other two in the wide grooves near the 5Ј and 3Ј ends, respectively. Fig. 4B shows the cleavage pattern of 5Ј-fluorescein-labeled i-motif DNA after S1 nuclease digestion at pH 5.5. Digestion by S1, a single-strand-and hairpin-loop-specific nuclease (28), resulted in three major cleavages. All three bands appeared to be due to cleavage within TAA loops, consistent with previous studies on c-myc promoter cleavage (28) . The first S1 cleavage occurred near the 5Ј end in the major groove with the shortest length, the second cleavage in the narrow groove with intermediate length, and the third cleavage near the 3Ј end in the major groove with the longest length. In the presence of SWNTs a higher amount of S1 nuclease cleavage was observed for the major groove near the 5Ј end (28) . At the same time, in the presence of SWNTs cleavage in the narrow groove was decreased, and a modest decrease in S1 cleavage was also observed for the site in the major groove near the 3Ј end. This cleavage pattern suggests that SWNTs bind to the i-motif at the 5Ј-end major groove by interacting with CC ϩ base pairs and the TAA loop, thereby increasing the accessibility of this loop to S1 nuclease (28) . As shown in melting and CD studies (Fig. 2) , SWNT binding resulted in i-motif stabilization and increased stacking of A-T Hoogsteen base pairs in the loops. Stacking in the TAA loop of the narrow groove was especially increased by SWNTs because this loop was the most labile to S1 nuclease in the absence of SWNTs but was substantially protected from cleavage after SWNT binding (28) .
These results were further supported by 2-Ap fluorescence quenching experiments. As a fluorescent probe for nucleic acids (29), 2-Ap has been widely used to verify the mode of ligand binding to quadruplex DNA (29) . CD and melting results (Fig.  5) showed that i-motif DNA labeled at T(2-Ap)A loops was formed, and the substitution of 2-Ap for adenine decreased the T m by 4°C. At a low binding ratio SWNTs decreased 2-Ap fluorescence (29) in the order 2-Ap in 5Ј-end major groove 3 narrow groove 3 3Ј-end major groove (Fig. 4C) , consistent with the S1 nuclease cleavage pattern. These results indicate that SWNTs preferentially bind to the i-motif at the 5Ј-end major groove, making this loop the most sensitive to S1 cleavage and decreasing 2-Ap fluorescence to the greatest extent (28, 29) . The decreased 2-Ap fluorescence observed for the other grooves is likely due to increased stacking of loop structures resulting from SWNT-induced i-motif stabilization.
There are two obvious mechanisms for stabilization of the i-motif by SWNTs. The first mechanism is charge stabilization due to interactions between the positively charged CC ϩ base pairs and SWNTs, lowering the pK a of the CC ϩ base pairs and inducing i-motif formation. Previous studies have shown that SWNTs can promote protonation of conjugated polymers by lowering their pK a values (30) . The second possibility is that SWNTs may simply serve as condensation nuclei to increase the propensity for DNA aggregation. Aggregation would indirectly facilitate CC ϩ protonation by increasing DNA/DNA strand interactions, resulting in charge stabilization. However, the faster migration of i-motif DNA bands in the presence of SWNTs argues against the aggregation model (Fig. 3B) .
Notably, the SWNTs we used were modified with carboxyl groups (SWNT-COO Ϫ ) on the open end of the side wall (19) . However, when SWNT-COOH was covalently modified with ethylenediamine by a routine method (31), the positively charged amino group-modified SWNTs (SWNT-CONH-CH 2 CH 2 -NH 2 ϩ ) decreased the i-motif T m by 2°C (Fig. 6 ). This result indicates that a negatively charged carboxyl group on the open end of the side wall not only improves SWNT solubility but also enhances interactions with i-motif CC ϩ base pairs by providing favorable electrostatic attractions (19) . The carboxyl group was crucial for SWNT interactions with i-motif CC ϩ base pairs (Fig. 1) . Fluorescence emission spectra were recorded from 320 nm to 500 nm with an excitation wavelength at 305 nm. , and near the 3Ј end in the major groove (open triangles) in aqueous cacodylic buffer (0.1 mM cacodylic acid/sodium cacodylate/100 mM NaCl, pH 5.5). DNA concentration was 9.2 g/ml for i-motif and 9.5 g/ml for Gquadruplex in base. Normalized absorption changes at 260 nm were plotted against temperature.
In summary, we showed by several methods that SWNTs selectively stabilize i-motif DNA. Furthermore, SWNTs inhibit DNA duplex formation, as shown by competitive gel mobility shift assay, CD melting experiments, and FRET. S1 nuclease cleavage patterns and 2-Ap fluorescence quenching results indicated that SWNTs bind to the 5Ј-end major groove of the i-motif. Our results suggest that the SWNT/i-motif interaction substantially decreases the pK a of i-motif CC ϩ base pairs. Thus, we conclude that SWNTs directly stabilize the charged CC ϩ base pairs in i-motif DNA by binding at the 5Ј-end major groove. We are aware that the natural occurrence of i-motifs in cells has not been demonstrated and that the biological effects of induction of these structures need to be clarified.
Materials and Methods
Materials. SWNTs ( ϭ 1.1 nm, purity Ͼ90%) were purchased from Aldrich (St. Louis, MO), purified as described previously by sonicating SWNTs in a 3:1 vol/vol solution of concentrated sulfuric acid (98%) and concentrated nitric acid (70%) for 24 h at 35-40°C, and washed with water, leaving an open hole in the tube side and functionalizing the open end of SWNTs with carboxyl group to increase their solubility in aqueous solution (19) . The stock solution of SWNTs (0.15 mg⅐ml Ϫ1 ) was obtained by sonicating the SWNTs for 8 h in pH 7.0 aqueous solution (19) . S1 nuclease was purchased from Takara (Tokyo, Japan).
DNA oligomers (9, 12, 23, 25, 32) 5Ј-CCCTAACCCTAAC-CCTAACCCT-3Ј (i-motif), its corresponding complementary strand 5Ј-AGGGTTAGGGTTAGGGTTAGGG-3Ј (G-quadruplex), and fluorescent analogs (see sequences below): 2-Ap labeled individually on TAA loop in three different positions, 5Ј-fluorescein-labeled, and 5Ј-fluorescein and TAMRA-labeled i-motif DNA were purchased from Sangon (Shanghai, China) and used without further purification. Concentrations of these oligomers were determined by measuring the absorbance at 260 nm after melting. Extinction coefficients were estimated by the nearest-neighbor method by using mononucleotide and dinucleotide values (9, 12, 23, 25, 32) . All experiments were carried out in aqueous cacodylic buffer (33) (0.1 mM cacodylic acid/sodium cacodylate/100 mM NaCl) unless stated otherwise. The sequences of the fluorescent analogs (12, 28, 29) were 5Ј-Fluoro-CCCTAACCCTAACCCTAACCC-3Ј, 5Ј-Fluoro-TACCCTA-ACCCTAACCCTAACCC-TAMRA-3Ј, 5Ј-CCCT(2-Ap)ACC-CTAACCCTAACCCT-3Ј, 5Ј-CCCTAACCCT(2-Ap)ACC-CTA ACCCT-3Ј, and 5Ј-CCCTA ACCCTA ACCCT(2-Ap) ACCCT-3Ј.
Bioassay. Absorbance measurements and melting experiments were carried out on a Cary 300 UV/Vis spectrophotometer equipped with a Peltier temperature control accessory (9, 12, 19, 23) . All UV/Vis spectra were measured in 1.0-cm-path-length cell with the same concentration of SWNT aqueous solution accordingly as the reference solution. Absorbance changes at either 260 nm or 295 nm vs. temperature were collected (19, 23, 25) at a heating rate of 0.5°C⅐min Ϫ1 . Primary data were transferred to the graphics program Origin for plotting and analysis.
The thermodynamic parameters of oligomer DNA molecules were calculated by using their melting profiles according to a well established method (8, 20) . The enthalpy change, ⌬H, was determined from the temperature dependence of equilibrium association constant where ⌬H was the slope of lnK a vs. 1/T plot according to the equation lnK a ϭ Ϫ(⌬H/RT) ϩ ⌬S/R, where ⌬S was the entropy change that was calculated according to the y axis intercept. The free energy change (⌬G) at 20°C was calculated from the standard Gibbs's equation, ⌬G ϭ ⌬H Ϫ T⌬S.
CD spectra and CD melting experiments were measured on a JASCO J-810 spectropolarimeter equipped with a temperaturecontrolled water bath (19, 22, 23, 25) . The optical chamber of CD spectrometer was deoxygenated with dry purified nitrogen (99.99%) for 45 min before use and kept the nitrogen atmosphere during experiments. Three scans were accumulated and automatically averaged. SWNTs alone did not contribute to the CD signal between 200 nm and 380 nm in our experimental conditions (19) .
1 H NMR spectra (25, 34) were carried out on a Bruker Avance 600 MHz NMR Spectrometer at 10°C. Individual DNA samples were used at different pH conditions (26) in the absence or presence of SWNTs in 100 mM NaCl, 0.1 mM EDTA, and 0.01 mM DSS solution. Experimental conditions were according to ref. 25 . DNA concentration was 0.15 mM in strand.
Fluorescence measurements were carried out on a JASCO FP-6500 spectrofluorometer at 20°C (19, 23) . Duplex competitive bindings were studied by the FRET method (12) . The C-rich strand used here was labeled (12) with fluorescein and a rhodamine derivative, TAMRA, at its 5Ј and 3Ј ends, respectively. Fluorescein emission would enhance when the duplex formed because the distance between the two dye molecules, in comparison with the folded i-motif structure, was increased (12). Therefore, it is possible to monitor duplex formation by recording the emission at 520 nm. At pH 7.0 the duplex association constant was determined by fluorescence titration (SI Fig. 8 ). Fixed labeled i-motif (42 nM) concentrations were titrated by its complementary G-rich strand in the absence or presence of SWNTs in pH 7.0 cacodylic buffer. An excitation wavelength of 480 nm was used, and the fluorescence emission was monitored from 500 to 700 nm.
Fluorescence titration data (22, 23, 25) were fit directly to get binding constants by using a fitting function incorporated into the program FitAll (MTR Software, Toronto, ON, Canada). The observed fluorescence is assumed to be a sum of the weighted concentrations of free and bound labeled i-motif DNA:
where F is the apparent fluorescence at each G-quadruplex concentration, F 0 is the fluorescence intensity of free labeled i-motif, and F b is the fluorescence intensity of the bound species. C t and C b are the molar concentrations or total and bound labeled i-motif, respectively. For 1:1 duplex formation it can be easily shown that Kx 2 Ϫ x(KS 0 ϩ KD 0 ϩ 1) ϩ KS 0 D 0 ϭ 0, where x ϭ C b , K is the association constant, S 0 is the total G-rich strand concentration, and D 0 is the total i-motif concentration. This equation is readily solved by using the quadratic formula. Data in the form of fluorescence response F as a function of total G-rich strand concentration at fixed concen- Fig. 6 . UV melting profiles of i-motif alone (black line), in the presence of 10 g⅐ml Ϫ1 SWNT-COOH (red line), or in the presence of 10 g⅐ml Ϫ1 SWNT-CONHCH 2CH2-NH2 (green line) in aqueous cacodylic buffer (0.1 mM cacodylic acid/sodium cacodylate/100 mM NaCl, pH 5.5). DNA concentration was 9.2 g/ml for i-motif and 9.5 g/ml for G-quadruplex in base. Normalized absorption changes at 260 nm were plotted against temperature. (Inset) The plot of their individual derivative of dA260 nm/dT vs. temperature.
tration of i-motif may then be fit by nonlinear least-squares methods to get K, F 0 , and F b . 2-Ap has been widely used as a fluorescent probe for nucleic acids (29) . Fluorescence spectra of 2-Ap-labeled i-motif DNA were measured (29) by using an excitation wavelength of 305 nm and recorded from 320 nm to 500 nm in the absence or presence of different amount of SWNTs in pH 5.5 cacodylic buffer. The concentration of 2-Ap-labeled i-motif DNA was fixed at 4 M in base.
Native PAGE experiments (8, 9, 23) were carried out in 0.045 M Tris⅐borate buffer. G-rich/C-rich duplex was formed by mixing an equimolar concentration of G-quadruplex and i-motif for 12 h at 4°C in 0.1 mM sodium cacodylate and 100 mM NaCl buffer (pH 7.0). Then, SWNT-COOH was added into the duplex at a 1 g⅐ml Ϫ1 :2 M ratio and incubated for 12 h at 4°C. Electrophoresis was carried out by using 20% acrylamide at 200 V for 50 min at room temperature. The gels were silver-stained. S1 nuclease digestion and PAGE using fluorescent oligonucleotide were carried out according to ref. 28 . 5Ј-fluoresceinlabeled oligomer in pH 5.5 buffer was annealed at 95°C for 5 min and then cooled slowly to room temperature. The mixtures of 5Ј-fluorescein-labeled oligomer and SWNT-COOH at different ratios were incubated for Ϸ24 h at 4°C. Digestion was performed at pH 5.5. Reaction mixtures contained S1 buffer and 5.5 units of S1 nuclease. The digestion procedure was according to ref. 28 . Briefly, the template, 5Ј-fluorescein-labeled oligomer (1.1 g), and the complexes of 5Ј-fluorescein-labeled oligomer-SWNT-COOH were incubated overnight at 4°C in buffer before initiating digestion at 37°C by adding S1 nuclease and Zn 2ϩ . After 5 min digestions were stopped by adding 4 l of stop buffer (70% formamide/57 mM EDTA, pH 7.5) and then freezing. The frozen samples were treated with 1 l of formamide, heated at 95°C for 1 min, and centrifuged to remove SWNTs before they were loaded on a 20% polyacrylamide gel and electrophoresed (70 min in 1ϫ TBE running buffer) at room temperature and 20 V/cm.
